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!007(;9/,9%$3-
E2- - - )(*7((3-2('3983-
F<- - - %GH*($-
I>+2- - - IJ>H)7%GH+(,>H'"H,%39$(--
I+2- - - IJ+(,>H'"H,%39$(-
KJ%GJ)L- - KJ:G%J<MJ)(%GH*8/$%39$(-
!N2- - - /)($%+/,%83-O%'HO%393-"%'9-
!@- - - /$)7%*($-7("(O,%7-
!.N- - - /)($%39$(-,79O>%3O>/,(-
!.N/3(-P- - !.N/3(-3808$9,-P-
0O- - - 0/3(-O/97-
Q@2!4- - 07(/3,-"/$"(7-4-
QR!- - - 0%;9$(-3(78+-/'08+9$-
2JI- - - "/70%$-I-
2F<- - - "/70%$-)9%G9)(-
"!=N- - - "H"'9"-/)($%39$(-+%$%O>%3O>/,(-
2>6N- - - ">7%+/,9$-9++8$%O7("9O9,/,9%$-
2%2'<- - - "%0/',-">'%79)(-
B525- - - )908,H7'-"!=N-
B!NJS9$/3(- - )(/,>J/33%"9/,()-O7%,(9$J-S9$/3(-
BD:- - - )(1(7%G/+9$(-+(3H'/,(-
BT!- - - )(%GH790%$8"'(9"-/"9)-
BT=.4- - BT!-+(,>H',7/$31(7/3(-4-
BT=.<- - BT!-+(,>H',7/$31(7/3(-<-
BT=.?/- - BT!-+(,>H',7/$31(7/3(-?/-
BT=.?0- - BT!-+(,>H',7/$31(7/3(-?0-
B..- - - B9,>9%,>7(9,%'!
! "W!
U2C- - - ($>/$"()-">(+9'8+9$(3"($,-
UB.!- - - (,>H'($()9/+9$(,(,7//"(,9"-/"9)-
U@- - - (3,7%*($-7("(O,%7-
U.2- - - ('(",7%$-,7/$3O%7,-">/9$-
DQR- - - 1(,/'-0%;9$(-3(78+-
D=@4- - - D7/*9'(-V-+($,/'-7(,/7)/,9%$-4-
*BT!- - - *($%+9"-BT!-
W<F<- - - >H)7%*($-O(7%G9)(-
W?#A+(?- - >93,%$(-W?-'H39$(-A-,79+(,>H'-
W2.44P- - >8+/$-"%'%$-"/7"9$%+/-"(''-'9$(-
WB!2- - - >93,%$(-)(/"(,H'/3(-
W6DX- - - >HO%G9/J9$)8"90'(-1/",%7-4Y-/'O>/-3808$9,-
WRN- - - >(/;H-3,7/$)-O7%+%,(7-
6N- - - 9++8$%O7("9O9,/,(-
#0- - - #9'%0/3(-
#B/- - - #9'%)/',%$-
C92'- - - '9,>98+-">'%79)(-
CRN- - - '9*>,-3,7/$)-O7%+%,(7-
=QB- - - =(,>H'J2OLJ09$)9$*-)%+/9$-O7%,(9$--
=(2O<- - =(,>H'J2OLJ09$)9$*-)%+/9$-O7%,(9$-<-
+=- - - +9'9+%'/7-
+@T!-- - +(33($*(7-@T!-
+,BT!- - +9,%">%$)79/'-BT!-
+,BT=.4- - +9,%">%$)79/'-BT!-+(,>H',7/$31(7/3(-4-
+.D!-- - +9,%">%$)79/'-,7/$3"79O,9%$-1/",%7-!- - -
T!B- - - $9"%,9$/+9)(-/)($9$(-)9$8"'(%,9)(Y-
T!BNW- - $9"%,9$/+9)(-/)($9$(-)9$8"'(%,9)(-O>%3O>/,(-
! W!
TB4- - - T!BW-)(>H)7%*($/3(-3808$9,-4-
TBP- - - T!BW-)(>H)7%*($/3(-3808$9,-P-
TU- - - $%7(O9$(O>79$(-
T:- - - $9,79"-%G9)(-
T@DJ4-- - $8"'(/7-7(3O97/,%7H-1/",%7-4-
T@DJ<-- - $8"'(/7-7(3O97/,%7H-1/",%7-4-
T.- - - $%-,7(/,+($,-
:W- - - >H)7%G9)(-
N2@- - - O%'H+(7/3(-">/9$-7(/",9%$-
NB- - - N/7#9$3%$Z3-)93(/3(-
NL24X- - N(7%G93%+(-O7%'91(7/,%7J/",9;/,()-7("(O,%7-*/++/---
- - - "%/",9;/,%7-4J/'O>/-
NN!@[- - N(7%G93%+(-O7%'91(7/,%7J/",9;/,()-7("(O,%7-*/++/--
\N2@- - - \8/$,9,/,9;(-O%'H+(7/3(-">/9$-7(/",9%$-
@:R- - - 7(/",9;(-%GH*($-3O("9(3-
7@T!- - - 790%3%+/'-@T!-
R!=- - - 3J/)($%3H'+(,>9%$9$(-
RBR- - - 3%)98+-)%)("H'-38'1/,(-
RBRJN/*(- - R%)98+-)%)("H'-38'1/,(-O%'H/"7H'/+9)(-*('-- - -
- - - ('(",7%O>%7(393-
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likely reﬂects the CpG-sparse nature of the mitochondrial ge-
nome, which does not contain CpG islands. We demonstrate
here the presence of 5hmC in mtDNA using two independent
assays. Thus, epigenetic modiﬁcation of cytosines in the mito-
chondrial genome is likely much more frequent than previously
believed. In the nucleus, 5hmC is generated from 5mC by the
action of the TET family of methylcytosine oxygenases (6).
There is not yet evidence regarding the presence or absence of
these enzymes in mitochondria, and the TET family proteins or
loci do not contain recognizable mitochondrial targeting se-
quences (14). We therefore cannot rule out the possibility of a
different mechanism for the generation of 5hmC, including co-
valent addition of 5-hydroxymethyl groups directly to DNA cyto-
sine residues by mtDNMT1 (29) using formaldehyde generated
from mitochondrial mixed-function oxidases. The apparently
lower enrichment for 5hmC in the D-loop control region most
likely reﬂects the less efﬁcient ampliﬁcation of a longer fragment
(833 bp compared with 112–238 bp) from mtDNA sheared to an
average size of 300–400 bp. However, the D loop exists as a stable
triple-helical structure containing an RNA primer required for
initiation ofmtDNA replication (13), andwe have found this region
to be resistant to in vitro methylation by M.Sss1 cytosine methyl-
transferase. It is therefore possible that the kinetics of epigenetic
modiﬁcation in this region of the mitochondrial genome might be
different from those in coding regions.
The function of 5hmC in the nuclear genome is not yet clear. It
has been proposed that 5hmC is an intermediate metabolite in
active demethylation of the genome by repair enzymes (30), in
passive demethylation as a result of lack of recognition by
enzymes involved in maintenance methylation (31), or that it
alters local chromatin structure because 5hmC is not recognized
by 5-methylcytosine-binding proteins (7). The role of 5hmC in the
mitochondrial genome likely involves one or more of these pro-
cesses. Although quantitative measurements of the relative ab-
undance of 5hmC and 5mC can be achieved using methylated
DNA immunoprecipitation (Me-DIP), 5hMe-DIP, HPLC, or
enzymatic methods, mapping the location and distribution of
5hmC in either the nuclear or mitochondrial genome is not yet
technically feasible, because this modiﬁed base is indistinguish-
able from 5mC by bisulﬁte modiﬁcation (7).
This study reports a mitochondrial isoform of DNA methyl-
transferase 1, which is the only member of the catalytically active
mammalian DNA methyltransferase family found in this organ-
elle. The conservation of an ORF encoding a mitochondrial
targeting sequence upstream of the commonly accepted trans-
lational start codon across multiple mammalian species suggests
an important role for this enzyme in mitochondrial function.
Although DNMT1 is generally considered to be the mainte-
nance DNA methyltransferase, it is able to methylate completely
unmethylated DNA in vitro with an efﬁciency that exceeds that
of the de novo methyltransferases DNMT3a and -3b (32). Thus,
DNMT1 appears to be capable of both initiating and maintaining
cytosine methylation in the nucleus, and the lack of de novo
methyltransferases in mitochondria implicates mtDNMT1 in
both processes in this organelle.
We show that mtDNMT1 binds to the mitochondrial genome
in a manner proportional to the density of CpG dinucleotides. Of
particular relevance is the binding of mtDNMT1 to the D-loop
control region, which carries the promoters driving transcription
initiation of both heavy and light strands, supporting a role for
mtDNMT1 in regulation of mitochondrial gene expression. The
asymmetric, gene-speciﬁc alteration in mitochondrial transcrip-
tion patterns shown here suggests diverse roles for mtDNMT1
and cytosine modiﬁcation in this organelle. Decreased expres-
sion of ND6 on the L strand implies that cytosine methylation in
mtDNA represses gene expression from the light-strand pro-
moter, as it does in the nucleus. However, increased transcription
of ND1 with no change in transcription of ATP6 or COX1 raises
the possibility of a different mode of action on the H strand. A
binding site for mitochondrial terminator factor 1 (MTERF1) is
located between the end of the 16S rRNAgene and the translation
start of ND1 (33). MTERF1 binds to both H-strand promoter 1
(HSP1) and the terminator binding site (Fig. 4A), forming a tran-
scription loop that maintains high-level production of rRNA.
Transcripts initiating at HSP2 produce polycistronic messages
encoding the entire H strand (13). Our data raise the possibility
that mtDNMT1, either through modiﬁcation of CpG dinucleo-
tides or by direct protein–protein interaction, interferes with
MTERF-dependent transcription termination, allowing read-
Fig. 3. Regulation of mtDNMT1 expression. (A) NRF1 consensus binding sites are conserved over one of the potential mitochondrial start ATG codons in
mammalian DNMT1. (B) NRF1 and PGC1α up-regulate mtDNMT1. (C) Loss of p53 selectively up-regulates mtDNMT1 expression. Values represent mean ± SD
for two independent experiments. (D) Immunoblot analysis of WT and p53−/− MEFs shows increased mtDNMT1 expression in p53-null cells. (E) Gene-speciﬁc
changes in mitochondrial transcription relative to 18S rRNA. To test for differences in expression of four mitochondrial genes across the two cell lines, we
applied an ANOVA using least-squares means. ND1 and ND6 showed signiﬁcant differences in expression (P < 0.05). In p53−/− MEFs, ND1 mRNA expression
was signiﬁcantly higher (mean = 1.73, SE = 0.18, 95% C.I. = 1.37, 2.09) than in WT MEFs (mean = 0.95, SE = 0.09, 95% C.I. = 0.76, 1.15). ND6 mRNA expression in
p53−/− MEFs was signiﬁcantly lower (mean = 0.75, SE = 0.07, 95% C.I. = 0.59, 0.90) than in WT MEFs (mean = 1.14, SE = 0.11, 95% C.I. = 0.91, 1.38).
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